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Abstract

Since the rapid spread of the SARS-CoV-2 (2019), the need for early diagnostic techniques to
control this pandemic has been highlighted. Diagnostic methods based on virus replication, such
as RT-PCR, are exceedingly time-consuming and expensive. As a result, a rapid and accurate
electrochemical test which is both available and cost-effective was designed in this study. MXene
nanosheets (TisC2Tx) and carbon platinum (Pt/C) were employed to amplify the signal of this
biosensor upon hybridization reaction of the DNA probe and the virus's specific oligonucleotide
target in the RdRp gene region. By the differential pulse voltammetry (DPV) technique, the
calibration curve was obtained for the target with varying concentrations ranging from 1 aM to
100 nM. Due to the increase in the concentration of the oligonucleotide target, the signal of DPV
increased with a positive slope and a correlation coefficient of 0.9977. Therefore, at least a limit
of detection (LOD) was obtained 0.4 aM. Furthermore, the specificity and sensitivity of the sensors
were evaluated with 192 clinical samples with positive and negative RT-PCR tests, which revealed
100% accuracy and sensitivity, 97.87% specificity and limit of quantification (LOQ) of 60
copies/mL. Besides, various matrices such as saliva, nasopharyngeal swabs, and serum were
assessed for detecting SARS-CoV-2 infection by the developed biosensor, indicating that this

biosensor has the potential to be used for rapid Covid-19 test detection.

Keywords: Electrochemical biosensor; SARS-CoV-2; Platinum carbon; MXene nanosheets.
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1. Introduction

Coronaviruses are RNA viruses classified into four different genera (alpha, beta, gamma, and
delta). Six types of these viruses have been previously found to cause mild respiratory diseases
(alpha types: 229E and NL63-beta types: OC43 and HKU1) and severe respiratory diseases (beta
types: SARS and MERS) in humans [1]. In December 2019, a new strain of this family was
identified in Wuhan, China [2], with a 3 kb long single-stranded positive RNA genome. Because
of its high rate of transmission, developing a procedure for diagnosing this disease is essential[2].
The World Health Organization has confirmed RT-PCR as one of the most frequent molecular
diagnostic tests for SARS-CoV-2 [3, 4]. However, this test has its own limitations, including the
need for specialized laboratory personnel, laboratory equipment, and a relatively high cost.
Additionally, even though these standard tests are sensitive, false negatives and positives are seen
during sampling errors and sample types [5, 6]. Rapid serological tests are also based on Ag/Ab
binding; while they are highly sensitive, they cannot be employed in the early stages of the disease
when the immune system is not still active [7, 8]. Therefore, substantial research was required to
develop fast diagnostic tests that could be utilized at home or in small clinics[9].

In the recent years, the use of electrochemical biosensors, that can detect and represent
biomolecular targets based on electrochemical reactions, has received much attention for the
detection of infectious agents [10-17]. The construction of an electrochemical biosensor, which is
frequently based on several nanoscale approaches such as signal amplification method [18-20], is
necessary for the practical use of electrochemical technology for the detection of a nucleic acid
fragment [21-23]. Among them, two-dimensional nanomaterials, including graphene, boron
nitride, graphite carbon nitride, MXenes, and black phosphorus, have received considerable

attention in electrochemical biosensors to build a suitable electrical conductive matrix with more
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efficient surfaces due to the small size of nanoparticles [20, 24-29]. Given its excellent flexibility
and strong electrical conductivity, MXene has outperformed all other 2D nanomaterials which
have been utilized to develop electrochemical-sensors [30, 31]. Additionally, diverse organic
linkers, including thiol, silica, conductive polymers, etc., are frequently used on the surface of 2D
nanomaterials for DNA electrochemical biosensors to create hybrids with a DNA structure. Due
to the fact that MXene can be attached to DNA without the need for a specific linker, many easy-
to-construct electrochemical biosensors have been developed [32-34]. Besides, to have especially
synergetic effects of nanomaterials such as strong electrochemical signal and more surface area,
MXene TisC2Tx combined with other nanomaterials have been designed for DNA electrochemical
sensors [35]. For example MXene-Au and MoS2/TisC2 nanocomposites had been developed to
detect microRNA-377 [36] and miRNA-21[36] respectively.

To accurately detect COVID-19, this study introduced a rapid electrochemical biosensor based on
DNA/RNA hybridization and MXene combined with Pt/C as an excellent signal amplifier. SARS-
CoV-2 genomes from the GISATD and NCBI were then analyzed to design a conserved sequence
of oligonucleotide probes to identify the potential genomic regions in RNA samples. MXene/Pt/C
nanocomposite was then prepared and applied to modify the surface of the sensor. The calibration
curve was obtained for the target with different concentrations range of 1 aM to 100 nM, which
was labeled with methylene blue (MB) as a redox indicator, by differential pulse voltammetry
(DPV) technique with at least a limit of detection (LOD) and quantification (LOQ) 0.4 aM and 60
copies/mL. Additionally, the specificity and sensitivity of this sensor for the detection of COVID-
19, compared to other respiratory viruses was assessed by the RT-PCR method for 192 clinical
sample patients, which revealed 100 % accuracy, sensitivity, and 97.87% specificity. The potential

ability of the biosensor in different matrices of serum, saliva, and nasopharynx was obtained. The
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resulting biosensor could be possible for a clinical application requiring a specific, sensitive, and

quick diagnosis of COVID-19.

2. Experimental Section
2.1. Chemicals and, instruments

Detailed information about the reagents and equipment can be seen in the supplementary file.

2.2. Synthesis of MXene

All experimental data related to the synthesis of MXene can be found in the additional data file.

2.3. Designing a specific sequence of a probe

One of the essential things to increase the specificity and sensitivity of the DNA sensors is to
design a specific and accurate probe sequence. The probe was intended for the SARS-CoV-2 virus
genome, as well as other oligonucleotides (complementary and non-complementary) in silico;
based on the sequence of RNA-dependent RNA polymerase gene (RdRP) inside the ORF1ab open
reading frame region, which has been published as a conserved region [37]. Approximately 22
sequences encoding RARP from different geographical areas were taken from NCBI, GenBank, as
listed in Table S1. Then, sequences were clustered by ClustalW algorithm of Bio Edit sequence
alignment editor v 7.2.5 [38] to from the highly conserved areas of the Orflab gene. A number of
possible probe sequences were then chosen using Gene runner software, version 6.0.11, with the
optimum energy of binding and disruption, and 1 M sodium chlorides; also, temperature of folding
was close to the ambient temperature of 37°C and the suitable length consisted of 21 nucleotides
(Table S2) [39]. Finally, the probe specificity was confirmed again by the BLASTn nucleotide

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). So, the selected probe could only be used specifically



128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

152

for SARS-CoV-2 virus detection and comprised information on the genetic sequence. Hot spots of
the clinical and epidemiological data relevant to the geographic features of this specific sequence

were analyzed by the GISAID database [40].

2.4. Sensing platform fabrication

To modify the electrode, the surface of the electrode can be made clean by polishing it with
aluminum hydroxide powder. After 1 min in a solution of water and ethanol (1:1), the electrode
was then dropped with 6 pL of this nanocomposite (1 mg of TisCz dispersed in ultra-pure water
and mixed with 1 mg Pt/C solved with 200 pL of isopropanol and 2 pL of 5 wt.% Nafion solution
under 20 min ultrasonication to form the complete composite), which had to be dried at room
temperature. After that, 6 pL of the 500 nM probe in 0.05 M HEPES buffer solution, 1 mM Mn?*
(pH 7.5) was used to drop and stabilize the probe on the surface of the electrode for 1 h at room
temperature; then the electrode three times were washed with 0.05 M phosphate buffer saline
(PBS) to eliminate the destabilized DNA probe. Finally, 3 uL of 0.1% of bovine serum albumin
(BSA) was added to the electrode surface and left at room temperature to improve the test
specificity and minimize empty spaces left by the probe sequence and rinsing was done for 1 min

in the PBS (pH 7, 0.05 M).

2.4. Electrochemical measurement

All electrochemical measurements were performed by the Atolab device three times at room
temperature using the differential pulse voltammetry technique (DPV) in PBS (pH 7, 0.05 M), in
the potential range of -0.6 to +0.6 V, with the sample width of 0.0167 s, pulse width of 0.05 s and

pulse amplitude of 0.05 V. The organic dye, methylene blue (MB), was then utilized to label target
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as a redox marker in the DPV technique to identify the hybridization event. Upon integration with
the DNA framework, MB undergoes two-electron reduction and is rapidly converted into
leucomethylene blue, thereby generating an electric signal. Within the scope of this research, MB
was employed to identify and mark the complementary DNA strands relevant to our target. This
can be attributed to either MB's affinity for guanine bases present on DNA molecules or its
electrostatic interaction with anionic DNA due to cationic properties. Subsequently, the
electrochemical conduct of sSDNA or SARS-CoV-2 RNA in complementary proportions was
analyzed by tagging them with 5 uLL PBS containing 500 nM Mb [41-43]. The electrochemical
behavior of complementary ssDNA or SARS-CoV-2 RNA tagged with MB was assessed after 30
min incubation time with a modified electrode. Then, the modified electrode was washed with
PBS to eliminate unfixed sequences, and DPV measurements were conducted. the peak current of
the MB largely increased which illustrated more dsDNA-MB accumulation on the electrode
surface due to the more electrostatic interactions and intercalation of MB in the DNA double helix.
For electrochemical characterization, CV and electrochemical impedance spectroscopy (EIS)
measurements were done in 1 mM [Fe (CN)s]™® containing 0.1 M KCI. The CV voltammograms
were then recorded between - 0.6 V and +0.6 V with scan rates of 10-200 mV/s. EIS measurements
were recorded at a frequency range of 10-100 kHz with an amplitude of 10 mV. The construction

process and sensing mechanism of the biosensors are presented in Scheme 1.
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Scheme 1 (a) Synthesis of MXene and MXene/Pt/C. (b) Fabrication the DNA/nano/biosensor. (c) Electrochemical detection
process using Autolab device.

2.5. Clinical samples preparation
RNAs of 192 clinical samples with positive results from RT-PCR tests were extracted using the
QlAamp Viral RNA Qiagen kit, from nasopharyngeal samples provided by Imam Reza Hospital

(Mashhad, Iran) from unnamed COVID-19 patients. The prepared samples were kept in a freezer
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at -80°C before use. A commercial one-step Tagman PCR Time Real PCR, Pishtaz Teb Diagnostic
COVID-19 RT-PCR Kit was then used in the RT-PCR tests (Pishtaz Teb, Iran). The
nasopharyngeal, saliva, and serum samples of healthy people were obtained from Imam Reza
Hospital and stored in RNase-free microtubes at 4°C until use. The positive nasopharyngeal
samples were then inactivated by heating them at 56°C for 30 min, and all real samples were

diluted 20 times with PBS (pH 7, 0.05 M).

3. Results and discussion

3.1. Characterizations of the nanocomposite

Figure 1 illustrates the morphological examination of the MXene/Pt/C nanocomposite using SEM
images of the MAX precursor and intercalated MXene along with Energy Dispersive X-ray
spectroscopy (EDS) and an EDS elemental map [44]. In the SEM picture of MAX and MXene
nanoparticles, following the etching procedure, the formation of the multilayer was visible (Figure
1a, b). Following the etching procedure, the formation of the multilayer is visible. Since TiO2
nanoparticles occur on MXene surfaces as a result of the rapid oxidation of titanium carbide under
aqueous and oxygen conditions, they appeared like crystal particles on the borders of MXene
layers [45]. SEM images of the bare/GCE and TisC2/Pt/C nanocomposite were used to determine
the electrode modification coatings (Figurelc, d). By applying an EDS along with an EDS
elemental map, the sample composition was ascertained (Figure 1 e, f and Figure S1 ), and the
etching operation eliminated the Al element from the precursor, predicting that C, O, F, Pt, and Ti
elements were distributed and coexisted uniformly across the entire scanning area. MXene
nanosheet synthesized and Pt/C growth on the surface of TisCz could be seen through transition

electron microscopy (TEM) images (Figure 1g, h) which revealed individual layer and multilayer
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of MXene/Pt/C flakes of micron size [46]. Fourier Transformed Infrared (FTIR) and prior data
spectrum (XRD) analysis were also used to evaluate the chemical properties of the synthesized
MXene nanosheets. The FTIR spectrum of TisAlCz included bands of TiO2, TiO, AlO, CH, and
CH: at 482, 597, 1005, 1537, and 2831 cm™ peaks (Figure S2a). Additionally, the FTIR spectrum
was used to analyze the functional groups on the surface of TizC2. The stretching vibrations of -
OH, C=0, O-H, C-F, and Ti-O bonds were responsible for the 3430 cm™, 1630 cm™, 1390 cm™,
1100 cm?, and 662 cm™ peaks (Figure S2 b), which were in agreement with the prior data [47].
For the XRD analysis, the (002), (004), (101), (103), (104), (105), (107), (108), and (109) planes
of the TisAIC2 MAX phase were correlated to a sequence of distinctive peaks at 20 =9.43°, 18.90°,
34.12°, 36.22° 38.8°, 41.81° and 48.43° as illustrated in Figure S2. According to Wang and
Zhou's, all peaks were labeled following the TisAIC: standard spectrum [45]. According to XRD,
Al etching results could be distinguished by XRD measurement at 260=38.8°, and "Al"(104) peak
of TisAlC2 was removed from the MAX phase. Further information is provided in the
supplementary section.

At 26=38.8°, the "Al"(104) peak of TisAIC: is notably high. To achieve a higher layer spacing in
MXene, it is imperative to completely eliminate the "Al" component from TisAlC2.The resulting
peaks get larger, weaker, and rougher as a result of the etching process. This shows the degree of
plane disorderliness, the disappearance of the TisAlC: crystal structure, and the formation of a new
network of layered material. Another fascinating change was the (002) peak in the spectra of
MXene sliding rearward. This was accomplished by etching the AL out of the TisAlIC: crystal and
substituting it with F and/or OH. An increase in the c-lattice parameter might be able to explain
this shift (35). The multilayer TisC2Tx samples are electrically conductive during the MAX phase

etching, therefore this increase is then attributed to the layered structure of MXene.

10
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235 3.1.3. Characterization of the surface electrode
236
237  3.1.3.1. Electrochemical method

238  Figure 2 depicts the results of an investigation into various activities of modification steps involved
239 in the developed biosensors using EIS and CV, as well as the redox marker [Fe(CN)s]™®* They were
240  used to bettering understand how the electrode surface's impedance changed when the surface of

241  electrodes were modified.

242  For EIS, the semicircle at 0.19 V over the frequency range of 1 Hz to 100 kHz represented the
243  electron transfer resistance (Rct) to which the electrode interfaces were associated (Chen et al.
244 2019b). The small semicircle domain on the MXene/Pt/C/GCE electrode revealed that [Fe (CN)s]
245 34 had more potential to move electrons rapidly than the bare GCE electrode, thus indicating the
246  impact of nanoscale on the electroactive surface area. In addition to the considerable steric-
247  hindrance impact of the negatively charged backbone of DNA strands, it was responsible for the
248 increase of Rct during the strands of DNA immobilization and hybridization (Figure 2a) [48]. The
249  above results, thus, demonstrated that the biosensor interface had been built efficiently as they
250  could be compared favorably to the results obtained from CV; on the bare GCE, two different
251  redox peaks could be recognized (Figure 2b). The redox peak currents increased, as compared to
252  the bare surface of electrodes after they were doped with MXene/Pt/C/GCE, thus, demonstrated
253  that the large sheet-like layers of conductivity nanocomposites improved the electrode active
254  surface area while also enabling electron transfer there. Also, in the EIS analysis after treatment
255  with BSA, DNA probe, and target, the peak current of [Fe(CN)s]"** was significantly reduced [49,
256  50]. The augmented obstacle to electron transfer on modified electrodes is attributed to the
257  negative surface charge. The phosphate chain of probe, with its negatively charged constituents,
258  serves as a convenient explanation for the impeded migration of electrons towards the electrode's

12
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surface. Then, after treatment with probe A, the peak current of [Fe(CN)s]" ¥ is greatly reduced.
After the BSA electrode blockage, a decrease in peak current was observed. This reduction became
more pronounced with the presence of dsDNA structures, indicating that DNA hybridization
resulting from target DNA injection may enhance this effect. The conducted CV and EIS

experiments effectively demonstrated the successful creation of a biosensing platform.

Furthermore, the charge cyclic voltammograms of 3 electrodes (bare GCE, MXene/Pt/C/GCE, and
Pt/C/GCE) were taken at different scan rates (10-450 mV/s) to further explain how the nature of
nanoscale MXene/Pt/C/GCE affected the contact area and resulted in the observed redox peaks.
This is illustrated in Figure 2c. Peak current increases coincided with a rise in scan rates, thus
demonstrating that the peak was raised currents rise linearly (R? = 0.9248-0.9876) in proportion to
the square roots of the scan rates. The effective surfaces of bare, MXene/GCE, Pt/C/GCE, and
MXene/Pt/C/GCE were analyzed using Randles-Sevich, which were 0.2 Cm2,0.38 Cm2,and 0.77
Cm?, respectively [51]. After using the nanocomposite to modify the surfaces, there was a four-
fold increase in the surfaces. These findings have significantly enhanced the efficacy of
nanocomposites in augmenting the electrode surface area for developing DNA probes, which can

be utilized to detect hybridization events in future applications.

3.1.3.2. Atomic Force Microscopy method (AFM)

MXene/Pt/C-GCE, MXene/Pt/C-ssDNA  probe, and MXene/PTC-dsDNA following
hybridization, were all studied by utilizing AFM. AFM images of the MXene/Pt/C/electrode,
especially in comparison to the bare electrode, revealed that the surface was entirely covered by a
flat multilayer coating of the synthesized MXene/Pt/C nanocomposite and mean width of profile

elements (RSM) was increased from 133.73 to 170.48 nm. The increase in the RMS roughness up

13
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to 214.3 nm of ssDNA/MXene/Pt/C/GCE, as compared to the MXene/Pt/C/GCE signal, illustrated
the accumulation of the ssDNA probe on the electrode surface via the electrostatic interaction
between the phosphate backbone of DNA and the altered positive potential by Mn?* that happened
when DNA molecules were adsorbed (Figure 2d). After the hybridization process, the RMS
roughness went up even more (222.25 nm), which proved that the hybridization process had

occurred on the surface of the biosensor [52].
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Figure 2. (a) EIS of various modified electrodes in 5 mM [Fe (CN)s] ¥ containing 0.1 M KCI: bare GCE, MXene/Pt/C/GCE,
ssSDNA/MXene/Pt/C/GCE, and dsDNA/MXene/Pt/C/GCE. (b) CV of various modified electrodes in 5 mM [Fe (CN)e] -3
containing 0.1 M KCI: bare GCE, MXene/Pt/C/GCE, ssDNA/MXene/Pt/C/GCE, and dsSDNA/MXene/Pt/C/GCE. (c) Linear curves
of bare GCE, MXene/GCE, Pt/C/GCE, MXene/Pt/C/GCE in 5 mM [Fe (CN)s] - containing 0.1 M KCI at different scan rates
(10-200 mV/s). (d) AFM images of MXene/Pt/C/GCE, ssDNA/MXene/Pt/C/GCE, and dsSDNA/MXene/Pt/C/GCE.
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3.2. Optimization assays

To create a biosensor with high specificity and sensitivity, the operational parameters, including
the experimental conditions of the probe and buffer in the biosensor manufacturing stage, were
examined and optimized. Also, in the biosensor sensing stage, two essential parameters, including
hybridization temperature, and duration, were examined to have the best conditions for
electrochemical biosensing based on the DNA/RNA hybridization technique. In both stages of
making the biosensor and sensing the target, the current of DPV signal change was used to analyze

how well the experimental conditions could be optimized, as explained in the supplementary

section (Figure S3).

3.3. Evaluation of the analytical performance of the COVID-19 biosensor

3.3.1. Sensitivity investigation

DPV measurements were carried out under ideal experimental conditions using different amounts
of synthetic target DNA and RNA extracted from real samples (preparation details are explained
in the supplementary section (Figure S4) diluted in a concentration range of 1 aM to 100 nM and
1:10 to 1:107 copies/mL in the PBS buffer (pH 7, 0.05 M) which tagged with 5 uL of PBS
containing 500 nM Mb to test the sensitivity performance of the proposed biosensor. The
electrochemical response indicated a significant increase in peak current of MB which can be
attributed to greater accumulation of dsDNA-MB on electrode surface owing to increased
intercalation and electrostatic interactions between DNA double helix and MB. As the
concentration of target sequences was increased, the output current oxidation of MB was

sporadically raised, as depicted in Figure 3a, c. A satisfactory linear relationship between the
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current of DPV signal and the logarithm of target concentration was discovered too, as shown in
Figure 3b, d. The corresponding linear equation of 1 (A) = 0.1015 logC + 2.09 with R2 = 0.9977,
and a limit of detection of 0.4 aM for the synthetic target, and | (A) = 0.169logC + 2.4 with R2 =
0.9943 beside the lowest quantified amount of 60 copies/mL for the viral load of a real sample,

were determined according to data analysis LOD = 3.3(Sy/S) and LOQ = 10(Sy/S).

In the realm of electrochemical biosensors, a pioneering effort has been made to ascertain the
efficacy of limit detection and quantification by analyzing both synthetic as well as real targets
(RNA extracted from genuine samples) for sensitivity and specificity. As evidenced by the data
presented in Table 1, our developed biosensor exhibited a remarkably extensive linear range and
an ultrasensitive limit of detection for attomolar concentrations and minimum copies/mL when
compared to previously established electrochemical techniques. The proposed biosensor exhibits
significant potential for clinical application, owing to its remarkable capacity to operate efficiently
with intricate matrices like nasopharyngeal swabs, serum and saliva samples. Moreover, it has
demonstrated commendable stability when tested on clinical patient specimens. The
Antibody/Antigen-based electrochemical sensors [12, 53] and nucleic acid-based electrochemical
sensors for detecting particular SARS-CoV-2 genomes (N gene, S gene, and RdRp gene) [43, 54,
55] also demonstrate great performance with appropriate LOD. Several electrochemical biosensors
are currently being developed which have a quantitation limit of 200 copies/mL [56]. However,
these methods still require laborious preparation procedures, skilled personnel, advanced
equipment and prolonged analytical periods. Consequently, our novel MXene-based
electrochemical biosensor provides advantages such as ease-of-use, rapid analysis timeframes and
affordability for on-site monitoring through the use of portable potentiostats that can be operated

by anyone.
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Table 1. The comparison our method with the previous electrochemical methods for SARS-CoV-2 detection.

Types of biosensor | Technic Target Nano sensor Limit of Linear Reference
analytic detection range
(LOD)
(SWV) | IgG and IgM GO nanosheet 0.11 ng/mL 1- [12]
Antibody/Antigen- protein 1000 ng/mL
based
electrochemical (DPV) Splke and Carbon black 19 ng/mL 0.01to [53]
Sensors Nucleocapsid and 8 ng/mL | 0.6 pg/mL
protein
(SWV) | Spike protein - 0.96 and 0.14 1- [12]
ng/mL 1000 ng/mL
(DPV) ORFlab Gold nanomaterial 2.2 aM 10.0 aM to [43]
Nucleic acid based and MB-CDs 10.0nM
electrochemical
sSensors (DPV) N AUNPs 231 585.4 [56]
copies/uL | copies/uL to
5.854 x
107
copies/uL
(DPV) ORF1lab Au@Fe304 200 1017-1012 [56]
copies/mL M
(DPV) RdRp Graphene oxide | 186x10°M | 10'°to [55]
nanocolloids 10°M
(DPV) N Electropolymerized 3.5fM 10 to [54]
polyaniline (PANI) 107°M
nanowires
(DPV) ORFlab MXene/Pt/C 0.4 aM 1aMto 100 | Our work
nanocomposite nM
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Figure 3. (a) Sensitivity investigation in the range of 10-10% aM of the synthetic target. (b) The resulting calibration plots for log
mol/l. (c) Sensitivity analysis in the range of 10-107 copies/mL of extracted RNA from clinical samples. (d) The resulting calibration
plots for log copies/mL. (e) Investigation of specificity using synthetic targets with 5 and 3 mismatch and non-complementary
sequences. (f) Specificity investigation using different subtypes of influenza A, HIN1 and H3N2 RNAs, and influenza B RNA
from positive real samples. The error bars represent the standard deviations measured by three independent measurements.
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3.3.2. Selectivity investigation

To test the biosensor selectivity, we utilized synthetic targets with a three-base mismatch, five-
base mismatch, and a non-complementary sequence with unique concentrations of 1 pM. This
showed that the hybridization of the probe with mismatch components significantly reduced the
flowing current of the DPV signal. Additionally, the current for the non-complementary nucleic
acid segment was negligible (Figure 3e). RNA isolated from influenza patients was utilized to
assess sensitivity in real samples by employing two different subtypes of influenza A, HIN1, and
H3N2 RNAs, as well as influenza B RNA as a target. As a result, the DPV response of the
biosensor was not very noteworthy. As can be seen in Figure 3f, these results showed that we were

unable to identify cross-reactivity between influenza A/B viruses and COVID-19.

3.3.3. Evaluation of the accuracy of the biosensor for clinical trials

The findings related to 192 RNA samples were recorded in the box-diagram. The cutoff values
were determined to be 0.78 using the IUPAC technique; this means the current of the DPV signal
intensities greater than 0.78 were classified as COVID-19 positive [57]. Receiver operating
characteristic (ROC) curves were also drawn to assess the methods' capacity for discrimination
(Figure 4a). The suggested biosensor had improvement with 97.87% specificity and 100%
sensitivity for differentiating COVID-19 negative samples from positive ones, as evidenced by the
biosensor's results for the area below the curve (AUC), which was 0.9. A T-test was also run to
determine the importance of the variance between the positive and negative groups. Considerable
differences between the two groups of samples were discovered, with the results (p=0.0001, Figure
4b). Furthermore, to improve the higher sensitivity of biosensor rather than RT-PCR, successive
dilutions of the isolated RNA samples (dilution ratios from 1:10 to 1:10%2) were carried out using
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SARS-CoV-2 RNA extracted from positive patient samples with a cycle threshold (Ct) of 20.
These samples were analyzed by the proposed biosensor and RT-PCR to re-determine the Ct of
the diluted samples for the purpose of comparison. SARS-CoV-2 RNA was detected even after a
108-fold t010'? dilution by the biosensor, but the RT-PCR approach provided positive samples
only at a 108-fold dilution of SARS-CoV-2 RNA (Figure 4c). The sensitivity of our biosensor was
100 times more than that of RT-PCR. This showed that the LOD of the Pishtaz Teb Medical
diagnostic COVID-19 RT-PCR Kit used in this experiment, was 200 copies/mL on Ct=32. Our

biosensor had previously done the measurement at the LOQ of 60 copies/mL.
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Figure4. (a) ROC analysis to assess the detection capability of the biosensor. (b) comparison of the DPV signal to the Ct value of
real-time PCR (c) Box-diagram for the quantitative detection of SARS-CoV-2 RNA in 192 clinical samples. (d) Evaluation of a
biosensor's performance in clinical RNA extracted samples, real samples with lysis buffer and proteinase K, and real samples with
Triton X100 and proteinase K.

3.3.4. Analysis of the performance of the biosensor using various matrices

To better analyze the performance of the biosensor, the sensitivity of the biosensor was examined
in different sampling matrices. The non-invasive gold standard for coronavirus illness is a
nasopharyngeal swab, but its accessibility is limited by the requirement for specialized laboratory
knowledge sampling. Serums, as invasive samples, should be theoretically the ideal input for a

viral test since they contain a variety of signs the body excretes, such as cell-free DNA and cell-
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free RNA. Saliva is a preferred alternative because of the virus's high load of 1-2 108 infectious
copies/mL. The extracted RNA target was spiked in nasopharyngeal swabs, healthy people's
serum, and saliva samples that included RNase inhibitors at target concentrations between 1 and
107 copies/mL. As a result, calculations for nasopharyngeal swabs, serum, and saliva samples were
done (Table 2). These calculations showed not only the good efficiency recovery (90.4-111.6%)
and good repeatability (RSD% from 2.8% to 4.8%) of different concentrations in various matrices,
but also confirmed the lowest quantified amount, which was calculated to be 60, 50, and 70
copies/mL for nasopharyngeal swabs, serum, and saliva samples, respectively. This demonstrated
the effectiveness of this biosensor in a variety of matrices, even in a serum sample with a minimal

viral load of 80.4 to 187.5 copies/mL.

Table 2. Comparison of the performance of this biosensor using various matrices: PBS, saliva, serum, and nasopharyngeal.

Matrices Regression equation  LOQ (Copies/mL)  Linear range Recovery Relative
copies/mL (%) standard
deviation (%)
PBS y =0.169x + 2.4771 60 10-107 95-105 2.2-4.0
R2=0.9943
Saliva y =0.1528x + 2.327 60 10-107 90.4-105 2.8-4.3
R2 =0.9408
Serum y = 0.0966x + 1.7956 50 10-107 95-107 3.2-4.8
R2=0.9881
Nasopharyngeal vy =0.1895x + 3.2737 70 10-107 97-111.6 2.9-4.0
R2=0.9732
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3.3.5. Evaluation of the biosensor performance in the clinical samples without the extraction
step

The nasopharyngeal samples of the patients with high and low virus levels (low and high Ct=10
and 23) were placed at 60°C for 30 min and 90°C for 5 min to ensure safety and evaluate the
effectiveness of the developed biosensor as a rapid diagnostic test. It should be noted that
proteinase K was used at a rate of 1.25 mg/mL of the sample to prevent RNA degradation caused
by nucleases; also, TritonX-100 0.5% was applied for one sample to induce cell lysis, as well as
the release of virus from the cytoplasm. The lysis buffer from the Novin gene RT-PCR kit was
utilized for the second sample at 1000 puL/mL. Figure 4d compares the current of the DPV signal
acquired from the biosensor after introducing real samples without RNA extraction. As can be
seen, compared to use of extracted RNA, a very tiny increase in the output signal was observed
for non-extracted methods, which was correlated to the presence of macromolecules in the
samples. This could demonstrate the capability of this biosensor to detect the SARS-CoV-2 RNA

virus without the need for an extraction step.

3.4. Reproducibility and stability of the biosensor

The reproducibility of the created biosensor was explored by utilizing five identical
MXene/Pt/C/GCE for 1 pM synthetic target. The relative standard deviation (RSD) value was
2.39%, thus demonstrating the adequate repeatability of the sensing technique. In addition,
stability of the created sensor was assessed. The sensing system was stored in a refrigerator (4°C)
and measured for a period of 45 days as part of further research. The signal maintained 103.7% of
the initial signal after 45 days with an RSD of 2%, thus demonstrating the acceptable stability of

the biosensor (Figure S5).
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The constructed DNA sensor offers numerous advantages over other biosensors presented in Table
S3. Firstly, the implementation of a signal amplifier composed of MXene/Pt/C nanocomposite has
significantly increased sensitivity levels to attomolar concentrations without resorting to costly
methods such as reverse transcription or nucleic acid amplification that require laboratory transport
and cell extractors. Secondly, this biosensor was able to accurately quantify targets at low
concentration levels (60-70 copies/mL) across various matrices including clinical RNA samples
from nasopharyngeal swabs, serum and saliva with large sample sizes up to 192 individuals.
Statistical analysis using T-tests and ROC demonstrated its ability for distinguishing between
positive/negative groups with high accuracy rates comparable with electrochemical sensors listed
on Table S3. Furthermore, three patients were tested utilizing nasopharyngeal samples without
complete extraction procedures which highlights potential applications towards pathogenic virus
detection through an easy-to-use point-of-care test format. Future development of this technology

is looking towards real point-of-care tests for high-throughput capabilities diagnostics.

4. Conclusion

This study described the development of a DNA sensor based on GCE decorated by
MXene/Pt/C/GCE nanocomposite and DNA/RNA hybridization method for detection of COVID-
19. The suggested sensing platform demonstrated excellent specificity, sensitivity, low LOD of
0.4 aM, and LOQ of 60 copies/mL. 100% accuracy and sensitivity and 98% specificity for SARS-
CoV-2 RNAs, which were isolated from 192 clinical samples, within only 30 min were achieved.
The biosensor could differentiate SARS-CoV-2 from the different subtypes of clinical samples of
various subtypes of influenza with high selectivity. Additionally, it could serve as a useful

diagnostic method for detection of SARS-CoV-2 infection in various sample matrices, including
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500 nasopharyngeal swabs, serum, and saliva samples, which indicate this developed-nano-biosensor
501 can be utilized in creating new and effective detection reproducible and stable methods due to its

502 easy, quick, accurate, low cost and straightforward setup.
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Highlights

e This study described a novel DNA sensor for a detection of SARS-CoV-2.

e MXene/Pt/C nanocomposite was used as a signal amplifier.

e The biosensor exhibited excellent sensitivity with 60 copies/mL detection limit.
e The biosensor showed 97.87% specificity and 100% sensitivity.

e The biosensor was applied in nasopharyngeal swabs, serum, and saliva samples.
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